T helper 1 (Th1) cells, characterized by the production of large amounts of IFN-␥, control inflammatory immune responses and mediate the defense against intracellular pathogens. To prevent pathology associated with uncontrolled activation, the immune system also employs various negative regulatory circuits. One such strategy is the release of immunosuppressive cytokines. First of all, IL-10 has the capacity to potently suppress Th1 effector functions, mainly by preventing the activation of antigen-presenting cells (APCs) (1) . Among CD4 ϩ T cells, IL-10 originally has been described as a Th2-associated cytokine that antagonizes Th1 responses (1, 2) . Subsequently, IL-10 has been shown to be produced also by specialized subsets of regulatory T cells (Treg), such as CD25 ϩ FoxP3 ϩ Treg (3, 4) , and T regulatory (Tr) 1 (5) cells, which are thought to be essential for an effective negative regulation of immune responses.
Interestingly, Th1 cells themselves were found to secrete IL-10 (6, 7). Thus, Th1-derived IL-10 recently has been shown to be critical for the prevention of immune pathology in the course of infection with the intracellular pathogens Toxoplasma gondii and Leishmania major (8, 9) . These results revealed a self-limiting property of Th1 cells to contain immune reactions independently of regulatory T cells.
The molecular pathways leading to IL-10 expression in Th1 cells are only beginning to be understood. In Th2 cells, IL-10 is induced by the main Th2-polarizing cytokine IL-4 by the transcription factor GATA-3 as part of the Th2 differentiation program (10, 11) . Repeated stimulation under suboptimal conditions induces IL-10, producing T cells with regulatory capacity. However, these cells express no or reduced levels of IFN-␥ compared with Th1 cells (5, 12, 13) . In contrast, Th1 cells generated in vitro contain only a few IL-10-secreting cells. The frequency of these cells can be increased by repeated stimulation in the presence of IL-12 (11, 14, 15) . Recently, another member of the IL-12 family of cytokines, IL-27, has been described to induce IL-10 production both in naïve and effector T cells (16) (17) (18) .
The Notch pathway previously has been implicated in the regulation of peripheral T cell activation (19) (20) (21) and the differentiation into various effector T cell populations (22) . However, the complexity of the Notch system, which is a direct consequence of the numerous potential receptor-ligand interactions of four Notch receptors expressed on T cells and five Notch ligands [Jagged-1, Jagged-2, Delta-like (Dll)-1, Dll-2, and Dll-4] expressed on APCs, so far has prevented the establishment of a clear-cut picture of the role of Notch in peripheral T cell differentiation. Recent data convincingly show that Notch signaling is required for Th2 differentiation in vivo (23) (24) (25) (26) (27) . However, the proposed involvement of Notch in Th1 (23, 28, 29) or likewise regulatory T cell development (30, 31) is less clear. These partially contradictory results strongly suggest that the outcome of Notch-directed T cell differentiation depends on additional, as-yet-uncharacterized, costimulatory signals or certain environmental niches.
Here, we identify Notch as a potent inducer of IL-10 both in developing and in already established IFN-␥-secreting Th1 cells. This effect requires costimulation by the cytokines IL-12 or IL-27 that depends on signal transducer and activator of transcription 4 (STAT4) signaling. Our data suggest that Notch regulates IL-10 production by Th1 cells under inflammatory conditions and thereby facilitates the self-limitation of Th1 immune responses.
Results

Notch Influences Th Cell Differentiation.
To determine the influence of T cell-polarizing cytokines on Notch-induced T cell differentiation, we stimulated naïve CD4 ϩ T cells under Th1, Th2, or nonpolarizing conditions and retrovirally transduced the cells with constitutively active Notch (N3IC). At day 5 of culture, the transduced T cells were isolated according to their GFP expression, restimulated with phorbol 12-myristate 13-acetate (PMA)/ ionomycin, and analyzed for cytokine production.
Notch did not grossly alter the cytokine profile under nonpolarizing or Th2 conditions. As reported earlier (23, 32) , IL-4 production was slightly increased by Notch. No changes were observed in IL-2, IL-5, IL-13, IL-17, or IFN-␥ expression. Notch slightly induced IL-10 under nonpolarizing conditions and further increased the already high levels of IL-10 in Th2 cells. Similarly, under Th1 conditions, Notch only minimally affected expression of the Th1 cytokines IL-2 and IFN-␥. The most striking observation, however, was a strong IL-10 production by Notch-transduced Th1 cells (Fig.  1A) , whereas IL-10 was virtually absent in control Th1 cultures.
Notch Induces IL-10 in Newly Developing and Established Th1 Cells. To confirm the de novo expression of IL-10 in Th1 cells, we performed intracellular cytokine staining (Fig. 1B) . Strikingly, Notch induced IL-10 in Ϸ40% of the transduced Th1 cells, whereas Ͻ1% of control cells produced IL-10. Importantly, IL-10 expression was restricted to GFP-positive, i.e., Notch-transduced T cells, indicating a cell-intrinsic effect (Fig. 1B) . The frequency of IFN-␥-expressing cells was up-regulated by Notch from Ϸ50% to 95%. Moreover, intracellular cytokine staining unveiled a strong correlation between IFN-␥ and IL-10. Indeed, all IL-10-producing T cells exhibited an IFN-␥/IL-10 double-positive phenotype (Fig. 1C) . Similarly, IL-10 mRNA was up-regulated only in Notch-transduced T cells (Fig. 1D) . Active forms of all of the Notch receptors (Notch-1 to Notch-4) were capable of up-regulating IL-10 expression (Fig. 1E) . The effect could be reversed by a specific inhibitor of the ␥-secretase complex (GSI) in cells overexpressing a membrane-bound active Notch (Fig. 1F , NIC mem ) but not in cells transduced with a cytosolic active Notch (NIC cyt ) that is no longer sensitive to the inhibitor. These data show that the Notch-mediated induction of IL-10 expression under Th1-polarizing conditions involves the classical ␥-secretase-dependent Notch pathway.
To test whether IL-10 also can be induced in already established Th1 cells, we Th1-polarized naïve T cells for 1 week and purified IFN-␥-producing cells by IFN-␥ capture assay. Then, these cells were transduced with Notch and cultured for additional 5 days under Th1 conditions. As shown in Fig. 2 IFN-␥. However, although only 5% of the cells coexpressed IL-10 in the control sample, Ͼ20% of the Notch-transduced Th1 cells produced IL-10. This difference was even more pronounced when the secreted cytokines were measured in the culture supernatants.
STAT4 Activation by IL-12 or IL-27 Is Critical for IL-10 Induction by
Notch. Next, we determined which additional factors are required for the Notch-mediated IL-10 induction. To exclude a role for further costimulatory signals provided by APCs, highly purified T cells were stimulated in the presence of IL-12 by using plate-bound anti-CD3/anti-CD28. Under these conditions, we still observed comparable levels of IL-10 in Notch-transduced T cells (Fig. 3A) .
In contrast, IL-10 production was abrogated in STAT4-but not in IFN-␥R-deficient cells (Fig. 3B) , supporting the idea that direct signaling by STAT4 is required for IL-10 induction. Expression of the Th1-specific transcription factor T-bet was down-regulated in Notch-transduced cells at day 5 of the culture (Fig. 3C) , indicating that T-bet is not critical for IL-10 upregulation. In accordance with this observation, IL-10 still was observed in T-bet-deficient cells although at a slightly reduced level (Fig. 3D) . The expression of the Th2 transcription factor GATA3 was slightly increased by Notch (Fig. 3C) . However, no Th2 cytokines, such as IL-4, IL-5, or IL-13, were expressed in Notchtransduced cells under Th1-polarizing conditions ( Fig. 1 A and B) . FoxP3 was not up-regulated by Notch (data not shown).
IL-27 recently has been described as inducing IL-10 in T cells (16) (17) (18) . Indeed, when IL-27 was added to naïve T cell cultures, we observed an expression of IL-10, which was comparable to that induced by IL-12 alone (Fig. 3E) . However, upon transduction with Notch, the amount of IL-10 was drastically increased. Again, the up-regulation of IL-10 was completely blocked in T cells from STAT4 knockout mice. Thus, our data indicate that STAT4 activation by IL-12 or IL-27 is sufficient for Notch-mediated upregulation of IL-10 production in Th1 cells.
Notch-Modified Th1 Cells Lose Proinflammatory Capacity and Become
Suppressive in Vivo in an IL-10-Dependent Manner. To investigate the proinflammatory or antiinflammatory capacity of IL-10-producing Notch-modified Th1 cells in vivo, Notch-or control-transduced ovalbumin-specific T cell receptor (OVA-TCR) transgenic Th1 cells were adoptively transferred into BALB/c recipient mice. After 24 h, a delayed-type hypersensitivity (DTH) reaction was induced by footpad injection of OVA peptide.
Control-transduced Th1 cells elicited a strong footpad swelling that peaked at day 1 and then slowly declined but remained clearly detectable until day 14. In sharp contrast, after a comparable acute response on day 1, swelling rapidly declined in mice that had received Notch-transduced Th1 cells and had ceased completely within 72 h (Fig. 4A) . These results indicate that Notch-modified Th1 cells have lost their potential to maintain inflammatory responses for prolonged periods of time.
To test whether Notch-modified Th1 cells become actively suppressive, we cotransferred Notch-or control-transduced OVAspecific Th1 cells together with the same number of conventional OVA-specific Th1 effector cells (Th1eff). Th1 effector-induced footpad swelling was further increased by cotransfer of controltransduced Th1 cells, probably because of the increased number of proinflammatory cells. In contrast, the presence of Notchtransduced Th1 cells significantly reduced footpad swelling, even when compared with Th1 cells transferred alone (Fig. 4B) . This suppression was almost abrogated by a neutralizing anti-IL10 antibody (Fig. 4C) .
These data show that Notch induces a functional switch in Th1 cells from a proinflammatory into an antiinflammatory phenotype with the potential to actively suppress inflammatory reactions via an IL-10-dependent mechanism.
Expression of Notch Receptors and Notch Ligands on T Cells and
Dendritic Cells (DCs). We then wanted to identify Notch receptors and Notch ligands that could play a role during physiologic T cell-APC interactions. To this end, we analyzed the endogenous expression pattern of these molecules on the mRNA level. Only Notch-1 and Notch-2, but not Notch-3 or Notch-4, were expressed by naïve and activated T cells [supporting information (SI) Fig. 7A ].
Ex vivo-isolated splenic and lymph node CD11c ϩ DCs expressed low levels of Jagged-1, and Dll-1 and Dll-4 were not detectable (SI Fig. 7B ). Because it had been described that Toll-like receptor (TLR) activation can induce Notch ligand expression (23, 33), we also analyzed the effects of various TLR ligands. Strikingly, LPS (TLR2/4), Flagellin (TLR5), or CpG (TLR9) stimulation strongly induced Dll-4 on DCs, whereas the expression of Dll-1 and Jagged-1 was largely unaffected (SI Fig. 7B ).
CpG Induces Notch-Dependent IL-10 Production in Th1 Cells in Vitro and in Vivo.
To test whether the expression of Dll-4 by activated DCs may have functional relevance, we cocultured naïve OVA-TCR transgenic T cells with purified DCs in the presence of CpG, IL-12, or both. After 5 days, IFN-␥ and IL-10 production was analyzed by intracellular staining after PMA/ionomycin restimulation. Without further additions, only Ϸ1% of the T cells expressed IL-10. CpG or IL-12 alone increased the frequency of IL-10-producing cells to 5% and 8%, respectively. After the combined addition of IL-12 and CpG, Ϸ14% of the T cells produced IL-10, which was strictly coexpressed with IFN-␥. Importantly, under all three culture conditions, GSI clearly reduced IL-10 production by 50-80%, whereas the expression of IFN-␥ remained largely unaffected (Fig. 5A) .
Next, we determined whether the Notch-mediated IL-10 induction also can be observed in vivo. To this end, we transferred naïve OVA-TCR transgenic T cells into BALB/c recipients and immunized them with OVA peptide/CpG in the absence or presence of GSI. On day 5, the coexpression of IFN-␥ and IL-10 was investigated by intracellular staining (Fig. 5B) . After CpG/OVA administration, Ϸ15% of the OVA-specific T cells produced IFN-␥. Approximately 30% of these cells coexpressed IL-10. Strikingly, the production of IL-10 was completely blocked in mice that had received GSI, whereas IFN-␥ production was enhanced. These data suggest that Notch signaling triggered by Dll-4 expressed on activated DCs can induce IL-10 production by Th1 cells in a physiological immune response.
Notch Ligands of the Dll Family Mediate IL-10 Induction. To confirm the importance of Dll-4 for Notch-mediated IL-10 up-regulation during T cell-APC interactions, we generated A20 B cell lines overexpressing the Notch ligands Jagged-1, Dll-1, and Dll-4 (Fig.  6A) . Naïve OVA-TCR transgenic T cells were cultured with the ligand-expressing A20 cells for 1 week under Th1-polarizing conditions. Approximately 6% and 8% of the T cells expressed IL-10 after coculture with Dll-1-and Dll-4-transduced A20 cells, respectively, whereas Jagged-1-and GFP-transduced A20 cells did not induce significant IL-10 production. In accordance with published data (23), Jagged-1-expressing A20 cells reduced IFN-␥ production by Ϸ20% compared with control A20 cells, whereas Dll-1 and Dll-4 slightly increased the frequency of IFN-␥-positive cells. Both IL-10 induction by Dll-1 or Dll-4 and suppression of IFN-␥ by Jagged-1 were completely reversed by GSI (Fig. 6B) . After a second week of coculture under Th1 conditions, Dll-4 or Dll-1 expressing A20 induced Ϸ24% of IL-10-producing Th1 cells. Again, Jagged-1 was not able to elicit IL-10 expression (Fig. 6C ). These data show that Notch signaling triggered by ligands of the Dll family induces IL-10 production in Th1 cells, especially on repeated stimulation.
Discussion
Our study identifies a unique role for Notch in effector T cell differentiation. In addition to its previously described potential to directly instruct Th1 or Th2 cell differentiation, our data suggest that Notch also modifies the way T cells respond to the proinflammatory cytokines IL-12 or IL-27 by selectively enhancing IL-10 production and thereby conveying antiinflammatory capacity to otherwise proinflammatory Th1 cells. So far, Notch has been described to instruct the differentiation of naïve T cells into various effector T cell lineages. An essential role for Notch in Th2 differentiation has been demonstrated convincingly in vitro and in vivo. Th2 responses are severely impaired in the absence of Notch (25, 32) , and both IL-4 and GATA-3 have been identified as being direct transcriptional targets of Notch (23, 24, 27) . Although we do not see drastic changes in the overall cytokine profile upon overexpression of constitutively active Notch in naïve T cells, the slight increase in Th2 cytokine expression we observe under nonpolarizing and under Th2 conditions is in accordance with these data.
In contrast, the precise function of Notch in Th1 differentiation is more obscure. Notch can induce or enhance Th1 differentiation in vitro (23, 28) , and the Th1 transcription factor T-bet has been identified as a Notch target gene (29) . Although some studies report Notch to be important for Th1 differentiation in vivo (29, 34) , others find it to be dispensable (25) or even observe enhanced IFN-␥ levels after abrogation of Notch signaling (32) . We found increased IFN-␥ production upon Notch activation only under Th1-polarizing conditions. In contrast, in vivo inhibition of Notch signaling by GSI resulted in enhanced IFN-␥ production. Thus, the impact of Notch on Th1 differentiation, as analyzed by the expression of Th1 cytokines, varies drastically between different experimental systems. It can only be speculated that it is influenced by further costimulatory signals or the cytokine environment.
However, our data demonstrate that the drastic enhancement of IL-10 expression in IFN-␥-producing T cells represents the most striking effect of Notch on T cell differentiation, which we consistently observed under various experimental conditions in vitro and in vivo. The induction of these IFN-␥/IL-10 double producers is not restricted to naïve T cells but is equally effective in already established Th1 cells.
Importantly, IL-10 induction by Notch strictly depends on simultaneous STAT4 activation either by IL-12 or IL-27. Both cytokines, but especially IL-27, recently have been implicated in the regulation of IL-10 expression by Th1 cells (11, (14) (15) (16) (17) (18) . In agreement with previous reports, we find basal IL-10 expression in the absence of Notch signaling when naïve T cells are cultured with either IL-12 or IL-27 alone. However, in either case, IL-10 production is drastically enhanced by Notch. This difference is best exemplified by the fact that Notch-modified Th1 cells completely lose their proinflammatory capacity and instead suppress Th1-mediated immune reactions in vivo via an IL-10-dependent process.
The strong synergistic effect of Notch on IL-12/IL-27-mediated IL-10 induction suggests that it acts as a master regulator that sensitizes proinflammatory Th1 cells to develop into IFN-␥ ϩ IL-10 ϩ T cells with antiinflammatory potential in response to canonical inflammatory cytokine signals.
The IL-27-mediated IL-10 induction has been described as depending on STAT1 and/or STAT3 (17, 18) but to be independent of STAT4 (18) . In contrast, the Notch-dependent up-regulation of IL-10 by IL-27 is abolished in STAT4-deficient T cells, suggesting that different molecular pathways are triggered when IL-27 acts alone or in combination with Notch. Apart from the STAT4 activation, we have no indication for the involvement of other major Th1-associated factors because Notch induced comparable levels of IL-10 in T cells from IFN-␥ receptor-deficient and T-bet-deficient mice.
We demonstrate here that IFN-␥ ϩ IL-10 ϩ T cells also are induced in vivo during immune responses after CpG/OVA vaccination. Importantly, IL-10 but not IFN-␥ production is completely blocked by GSI, clearly indicating a Notch-dependent process. Our data are consistent with the previously described occurrence of IFN-␥ ϩ IL-10 ϩ T cells in vivo (7, 35, 36) . Recently, it has been demonstrated that, indeed, IL-10 produced by Th1 cells is critical in protecting the host from Th1-induced pathology (8, 9) . It is tempting to speculate that Notch also may play a role in these situations. In support for this idea, we and others find that ligands of the Dll family, in particular Dll4, are strongly induced on DCs by several proinflammatory microbial stimuli known to drive Th1 immunity (23, 33, 34) . The selective induction of Dll-4 on activated DCs in response to CpG stimulation and other microbial stimuli identifies Dll-4 as the presumptive physiologic ligand triggering Notch-dependent IL-10 production. In contrast, Jagged-1 is similarly expressed by resting and activated DCs, indicating a lesser functional importance under these circumstances. Indeed, we were able to confirm functional differences between Jagged and Dll ligands by their respective overexpression in an APC line. Jagged-1 decreased IFN-␥ production in a GSI-sensitive manner as reported earlier (23), whereas Dll-1 and Dll-4 elicited IL-10 expression and even enhanced IFN-␥ in Th1 cells. Overall, our observations support the emerging view that Jagged-1 drives Th2 development, whereas Dll ligands are more important for Th1 cell differentiation (23, 34) . However, more refined experimental systems, such as DC-specific conditional knockout mice of the various Notch ligands, are required to identify the partner(s) mediating the critical physiological interaction. 
